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The importance of skeletal muscle {#s01}
=================================

Skeletal muscle plays essential roles in the human body, including the generation of limb, trunk, and eye movements and the control of breathing. Furthermore, because skeletal muscle makes up such a large, metabolically active proportion of the body (\~45%), it also plays an important role in the regulation of whole-body metabolism (e.g. systemic glucose control) \[[@bib-001],[@bib-002]\]. As such, the loss of skeletal muscle mass (i.e. muscle atrophy) can have a major impact on mobility, whole-body metabolism, disease resistance, and quality of life \[[@bib-003]-[@bib-005]\]. Muscle atrophy occurs in many commonly occurring conditions (e.g. injury-induced immobilization, severe burns, cancer cachexia, aging, heart failure, obesity, diabetes, chronic obstructive pulmonary disease, renal disease, and HIV) and can be induced by changes in a variety of factors, including nutrients, neural activity, cytokines, growth factors, hormones, and mechanical loading \[[@bib-004]-[@bib-009]\]. Thus, there is clearly a need for therapies that can prevent the loss, or increase, of skeletal muscle mass. However, in order to develop such therapies, we will first have to develop a thorough understanding of the molecular mechanisms that regulate muscle mass.

In recent years, significant progress has been made in identifying potential molecular signaling mechanisms that regulate skeletal muscle mass under a range of different conditions (for recent reviews, see \[[@bib-010]-[@bib-022]\]). In this review, we will summarize the major advancements that have been made in our understanding of the roles that Smad signaling and the synthesis of phosphatidic acid (PA) play in the regulation of muscle mass ([Figure 1](#fig-001){ref-type="fig"}). For further background information on these two areas of investigation, the reader is referred to the following reviews: \[[@bib-023]-[@bib-027]\].

![A general overview of recent findings related to Smad signaling and the synthesis of phosphatidic acid in the regulation of skeletal muscle mass\
Increases in transforming growth factor-beta (TGFβ), activins, and some growth and differentiation factors (GDFs), such as myostatin, lead to receptor-mediated phosphorylation of Smads 2 and 3, whereas increases in bone morphogenic proteins (BMPs) and other GDFs result in increased Smad 1, 5, and 8 phosphorylation. Phosphorylated Smads 2/3 compete with phosphorylated Smads 1/5/8 for binding to Smad4 before entering the nucleus to regulate gene transcription. Increased Smad2/3/4 signaling inhibits Akt/mTORC1 signaling and activates the expression of ubiquitin proteasome E3 ligases, atrogin-1 and muscle RING-finger protein-1 (MuRF1), ultimately leading to a decrease in protein synthesis and increased protein degradation. Increased Smad1/5/8/4 signaling activates Akt/mechanistic target of rapamycin complex 1 (mTORC1) signaling and represses the histone deacetylase 4 (HDAC4)/myogenin-mediated activation of E3 ligases (including MUSA1) under atrophic conditions, such as denervation. The net balance between Smad2/3/4 and Smad1/5/8/4 signaling appears to play a major role in determining skeletal muscle mass. The enzyme phospholipase D1 (PLD1) synthesizes PA, and PLD1 overexpression activates mTORC1 signaling and represses the expression of the E3 ligases, atrogin-1 and MuRF1. The zeta isoform of diacylglycerol kinase (DGKζ) also synthesizes PA and is required for a mechanically induced increase in PA and the subsequent activation of mTORC1. See text ("Bone morphogenic protein-induced Smad1/5/8 signaling and the regulation of skeletal muscle mass" section) for a more detailed explanation of these molecular signaling mechanisms.](biolrep-06-20-g001){#fig-001}

The role of Smad signaling in the regulation of skeletal muscle mass: recent advances {#s02}
=====================================================================================

Myostatin-induced Smad2/3 signaling and the regulation of skeletal muscle mass {#s02_1}
------------------------------------------------------------------------------

Canonical Smad signaling is regulated by members of the transforming growth factor-beta (TGF-β) superfamily of receptor ligand proteins. For example, Smad2/3 signaling is activated by members of the TGF-β and activin subfamilies and by some members of the growth differentiation factor (GDF) subfamily, whereas Smads 1/5/8 are activated by members of the bone morphogenic protein (BMP) and GDF subfamilies \[[@bib-028],[@bib-029]\] ([Figure 1](#fig-001){ref-type="fig"}). Initial interest in the role of Smad signaling in the regulation of skeletal muscle mass largely stemmed from the discovery that the disruption of the *GDF-8* (also known as the myostatin) gene, and the inhibition of myostatin receptor binding, produced marked skeletal muscle hypertrophy \[[@bib-030],[@bib-031]\]. Furthermore, it has since been shown that an increase in myostatin is often associated with skeletal muscle atrophy \[[@bib-032],[@bib-033]\] and an increase in Smad3 phosphorylation \[[@bib-034]\]. Combined, these studies suggested that myostatin is a negative regulator of skeletal muscle mass and that Smad signaling may, in part, mediate this effect.

Myostatin-mediated Smad signaling is activated by the binding of the mature myostatin peptide to plasma membrane-associated activin type IIB and, to a lesser extent, type IIA receptors (ActRIIB/IIA) ([Figure 1](#fig-001){ref-type="fig"}) \[[@bib-035]\]. The activation of ActRIIB/IIA receptors leads to the recruitment and activation of serine/threonine type 1 receptor kinases called activin receptor-like kinase-4 and -5 (ALK4 and ALK5), which phosphorylate the transcription factors Smad2 and 3 \[[@bib-035]\]. Phosphorylated Smad2 or 3 can then form a heterotrimeric complex with another Smad2 or 3, and a Smad4, and the resulting complex translocates to the nucleus to regulate gene transcription by associating with various transcription factors, co-activators, or co-repressors \[[@bib-036]\] ([Figure 1](#fig-001){ref-type="fig"}). Smad2 and 3 are also phosphorylated in response to TGF-β and activin binding to TGF-β type II receptors (TGF-βRII) and ActRIIA/IIB receptors which, in turn, leads to the activation of ALK5 and ALK4/7, respectively \[[@bib-037],[@bib-038]\] ([Figure 1](#fig-001){ref-type="fig"}).

The necessity for Smad signaling in myostatin/activin/TGF-β-induced muscle atrophy *in vivo* was first demonstrated by Sartori *et al*. (2009), who showed that the overexpression of a constitutively active mutant of ALK5 (caALK5) increased the promoter activity of the muscle-specific ubiquitin proteasome E3 ligase atrogin-1 gene and induced muscle fiber atrophy via a Smad3-dependent mechanism \[[@bib-039]\]. Furthermore, Smad3 has been found to be necessary for myostatin-induced increases in atrogin-1 expression and atrophy of cultured myotubes \[[@bib-040],[@bib-041]\]. Other studies have also shown that increased myostatin is sufficient to induce a decrease in protein synthesis, possibly by promoting the atrogin-1-mediated degradation of ribosomal proteins and translation initiation factors or via the inhibition of signaling through the protein kinase B (Akt) and mechanistic target of rapamycin complex 1 (mTORC1) pathway \[[@bib-040]-[@bib-049]\] or both. Importantly, it has been demonstrated that Smad3 signaling is necessary for the myostatin-induced inhibition of the Akt/mTORC1 pathway \[[@bib-040],[@bib-050]\]. Combined, these data suggest that myostatin-induced muscle atrophy may be due, in part, to a combination of Smad3-mediated increases in atrogin-1 expression and the inhibition of Akt/mTORC1 signaling \[[@bib-041],[@bib-051],[@bib-052]\] ([Figure 1](#fig-001){ref-type="fig"}). However, while Smad3 was shown to be necessary for these events, it remained to be determined whether Smad3 is sufficient to induce these events *in vivo* or whether Smad3 merely plays a permissive role.

To address the issue of whether Smad3 is sufficient to induce many of the reported effects of increased myostatin signaling, we overexpressed Smad3 *in vivo* and demonstrated that this was sufficient to activate the atrogin-1 promoter, inhibit mTORC1 signaling and protein synthesis, and ultimately induce muscle fiber atrophy \[[@bib-053]\]. Furthermore, we and others have recently presented evidence that the myostatin/Smad3-induced decrease in Akt/mTORC1 signaling may be mediated by a decrease in the expression of microRNAs (i.e. miR29 or miR486 or both) that normally inhibit the translation of the Akt signaling antagonist, phosphatase and tensin homologue (PTEN) \[[@bib-053],[@bib-054]\]. Thus, combined with previous studies, these results demonstrated that Smad3 is both necessary and sufficient to regulate many of the previously reported myostatin-induced events. Furthermore, the results of this study suggest that Smad3 signaling may be a viable target for therapies aimed at ameliorating many of the detrimental effects of increased myostatin, activin, or TGF-β expression (or a combination of these) on skeletal muscle.

Bone morphogenic protein-induced Smad1/5/8 signaling and the regulation of skeletal muscle mass {#s02_2}
-----------------------------------------------------------------------------------------------

While there has been a significant amount of research aimed at identifying the factors that regulate the myostatin-Smad3 signaling axis, there has been comparatively less investigation into the potential role(s) of BMP signaling in mature skeletal muscle. BMP signaling is initiated by the binding of BMP ligands to heterodimeric membrane receptor complexes, made up of specific combinations of type II (e.g. BMP type II receptor \[BMPRII\], ActRIIA, and ActRIIB) and type I receptors (e.g. BMPRIA \[ALK3\], BMPRIB \[ALK6\], and ActRIa \[ALK2\]), which, in turn, leads to the phosphorylation of Smads 1, 5, and 8 \[[@bib-055]\] ([Figure 1](#fig-001){ref-type="fig"}). As with Smads 2/3, phosphorylated Smads 1/5/8 form heterotrimeric complexes with Smad4, which then translocates to the nucleus to regulate gene transcription. Importantly, two recent studies have provided compelling evidence that BMPs do indeed play a role in mature skeletal muscle by regulating muscle mass through a Smad1/5/8-dependent mechanism \[[@bib-056],[@bib-057]\]. Specifically, it was shown that the inhibition of BMP receptor signaling and the knockdown of Smads 1 and 5 were sufficient to inhibit Smad1/5/8 phosphorylation and induce muscle fiber atrophy \[[@bib-056]\]. Furthermore, it was found that the overexpression of BMP7 and caALK3 were sufficient to increase Smad1/5/8 phosphorylation and induce substantial muscle fiber hypertrophy \[[@bib-056],[@bib-057]\]. Importantly, these hypertrophic responses were repressed by BMP receptor inhibition and knockdown of Smad 1 and 5 \[[@bib-056],[@bib-057]\]. Moreover, the overexpression of BMP7 and caALK3 was sufficient to protect against denervation-induced muscle atrophy \[[@bib-056],[@bib-057]\]. Together, these data have provided strong evidence that signaling by BMP can positively regulate skeletal muscle mass.

The mechanisms responsible for the effects of BMP signaling on muscle mass appear to be due, at least in part, to increased activity of mTORC1 \[[@bib-057]\] ([Figure 1](#fig-001){ref-type="fig"}). Indeed, the overexpression of BMP7 and caALK3 was associated with an increase in mTORC1 signaling (possibly mediated by an increased insulin-like growth factor 1 \[IGF-1\]-induced Akt-phosphorylation), and BMP7-induced muscle hypertrophy was completely prevented by the mTORC1 inhibitor, rapamycin \[[@bib-057]\]. Although these results underscore the central role of mTORC1 in regulating skeletal muscle mass, further investigation is required to firmly establish the link between increased BMP signaling, IGF-1 expression, Akt phosphorylation, and mTORC1 activation. Moreover, additional work is needed to determine whether the hypertrophic effects of BMP signaling are associated with an increase in protein synthesis or a decrease in protein degradation or both. Although these two studies provide clear evidence that the overexpression of BMP and caALK3 is sufficient to regulate muscle mass, they also present data showing that endogenous BMP signaling plays a role in limiting the extent of muscle loss that occurs during atrophic conditions, such as denervation. Indeed, it was found that, in denervated muscle, there was an increase in Smad1/5/8 phosphorylation and this was associated with an increase in the expression of BMP13 (GDF6) and 14 (GDF5) \[[@bib-056],[@bib-057]\]. Furthermore, denervation-induced muscle fiber atrophy was markedly exacerbated in BMP14 knockout mice and in denervated wildtype mice in which BMP signaling was inhibited with the BMP type I receptor inhibitor, LDN-193189, or overexpression of inhibitory Smad6 \[[@bib-056],[@bib-057]\]. These data strongly suggest that endogenous BMP signaling acts to protect skeletal muscle from excessive atrophy. Interestingly, unlike the overexpression of BMP7 and caAKL3, the mechanism behind the endogenous BMP signaling-induced protection against muscle atrophy does not seem to be related to an increase in Akt/mTORC1 signaling \[[@bib-056],[@bib-057]\]. Instead, this protective effect appears to be due to the suppression of muscle-specific ubiquitin proteasome E3 ligases, including the recently identified MUSA1 (also known as Fbxo30) \[[@bib-056],[@bib-057]\]. For example, inhibition of BMP signaling via overexpression of Smad6 or an extracellular BMP binding protein called Noggin enhanced the increase in MUSA1 expression that occurs in response to denervation \[[@bib-056],[@bib-057]\]. Furthermore, the knockdown of MUSA1 was sufficient to protect against denervation-induced atrophy \[[@bib-056],[@bib-057]\]. Mechanistically, BMP signaling may protect against the induction of E3 ligases, such as MUSA1, by inhibiting histone deacetylase 4 (HDAC4)-mediated myogenin expression \[[@bib-056],[@bib-057]\], a signaling pathway that has also previously been implicated in the expression of atrogin-1 and muscle RING-finger protein-1 (MuRF1) \[[@bib-058]\] ([Figure 1](#fig-001){ref-type="fig"}). Combined, the findings from these two recent studies \[[@bib-056],[@bib-057]\] highlight the potential for increasing BMP signaling as a possible therapeutic approach for increasing muscle mass or inhibiting muscle atrophy/wasting or both. One question that remains to be answered is why Akt/mTORC1 signaling was not enhanced by the increase in endogenous BMP signaling found in denervated muscles but was enhanced in innervated muscles subjected to the overexpression of BMP7 and caALK3.

Finally, although these two recent BMP studies arrive at different conclusions as to which Smad signaling branch (i.e. myostatin/activin/TGF-β-Smad2/3 or BMP-Smad1/5/8) is dominant under basal conditions (see \[[@bib-056],[@bib-057]\] for further details), a major conceptual contribution of these studies is the hypothesis that the net balance between these two pathways plays a major role in determining skeletal muscle mass. Furthermore, it appears that competition for Smad4 plays a central role in this balancing act \[[@bib-056]\] ([Figure 1](#fig-001){ref-type="fig"}). For example, under conditions of increased myostatin, activin, or TGF-β signaling (or a combination of these), an increase in phosphorylated Smads 2 or 3 or both would effectively sequester a greater proportion of the Smad4 pool and thus limit the ability of phosphorylated Smads 1, 5, or 8 (or a combination of these) to form Smad4-containing complexes, and *vice versa*. Therefore, an increase in Smad2/3/4 complexes entering the nucleus, combined with a decrease in nuclear Smad1/5/8/4 complexes, would likely lead to an increase in the Smad2/3-mediated transcriptional events that are reported to occur under various atrophic conditions and a decrease in Smad1/5/8-mediated anabolic events. As a result, the overall effect would be a reduction in skeletal muscle mass. Interestingly, this hypothesis could also explain some of our recently reported findings on the effect of Smad3 overexpression on muscle fiber size (i.e. the overexpression of Smad3 may have decreased BMP/Smad1/5/8 signaling) \[[@bib-053]\].

In summary, recent studies have significantly advanced our understanding of the role that Smad signaling plays in the regulation of skeletal muscle mass. In particular, the discovery that BMP-Smad1/5/8 signaling plays a significant role in the regulation of muscle mass, and the finding that competition for Smad4 may be fundamental to the balance between catabolic myostatin/activin/TGF-β-Smad2/3 and anabolic BMP-Smad1/5/8 signaling, will hopefully facilitate the development of pharmaceutical or genetic therapies (or both) aimed at regulating Smad signaling and preventing muscle wasting.

The role of phosphatidic acid in the regulation of skeletal muscle mass: recent advances {#s03}
========================================================================================

PA is a glycerophospholipid second messenger that has a diverse range of cellular functions, including the regulation of cell growth (for review, see \[[@bib-059]\]). Indeed, in 2001, PA was shown to activate mTORC1, a master regulator of protein synthesis and cell growth \[[@bib-060],[@bib-061]\]. Since then, numerous studies have shown that the stimulation of cells with exogenous PA, or the overexpression of PA-generating enzymes, can activate mTORC1 signaling \[[@bib-062]-[@bib-066]\], whereas blocking the generation of PA has been reported to inhibit the activation of mTORC1 that occurs in response to various types of stimuli \[[@bib-060],[@bib-067]-[@bib-070]\]. Mechanistically, it has been reported that PA can directly activate mTORC1 kinase activity *in vitro* and this appears to be due to its ability to bind to the FKBP12-rapamycin binding (FRB) domain of mTOR \[[@bib-060],[@bib-065],[@bib-071],[@bib-072]\].

PA can be synthesized by a number of different classes of enzymes including the following: phospholipase D (PLD), which synthesizes PA from phosphatidylcholine (PC); lysophosphatidic acid acyltransferases (LPAAT), which synthesize PA from lysophosphatidic acid (LPA); and the diacylglycerol kinases (DAGKs), which synthesize PA from diacylglycerol (DAG) \[[@bib-059],[@bib-066]\]. To date, the number of studies that have examined the role of PA-synthesizing enzymes in skeletal muscle is quite limited (for reviews, see \[[@bib-025],[@bib-026]\]); however, two recent studies have significantly expanded our understanding of the role of the PA-synthesizing enzymes, PLD1 and the zeta isoform of DGK (DGKζ), in the regulation of mTORC1 signaling and skeletal muscle mass \[[@bib-073],[@bib-074]\] ([Figure 1](#fig-001){ref-type="fig"}).

The synthesis of phosphatidic acid by phospholipase D1 as a regulator of skeletal muscle mass {#s03_1}
---------------------------------------------------------------------------------------------

In the first of these studies, the pharmacological inhibition, and short interfering RNA (siRNA)-mediated knockdown, of PLD1 was shown to induce atrophy in cultured myotubes, suggesting that PA produced by PLD1 is necessary for maintaining muscle mass \[[@bib-073]\]. Conversely, the overexpression of PLD1 was sufficient to induce hypertrophy of myotubes and of muscle fibers *in vivo* \[[@bib-073]\]. PLD1 overexpression was also able to inhibit dexamethasone-induced myotube atrophy, whereas the addition of exogenous PA inhibited myotube atrophy induced by dexamethasone and tumor necrosis factor-alpha (TNFα) \[[@bib-073]\]. Combined, these data provide strong support for the hypotheses that PA derived from PLD1 contributes to the regulation of skeletal muscle mass and that the activation of PLD1 has the potential to prevent muscle atrophy. Mechanistically, it appears that PLD1 exerts effects on both protein synthesis and protein degradation ([Figure 1](#fig-001){ref-type="fig"}). For instance, the overexpression of PLD1 was associated with an increase in mTORC1 signaling, whereas the siRNA-mediated knockdown of PLD1 had the opposite effect \[[@bib-073]\]. As the activation of mTORC1 signaling is known to be sufficient to increase protein synthesis and induce muscle fiber hypertrophy \[[@bib-075]\], these data suggest that PLD1-derived PA controls skeletal muscle mass, in part, via the regulation of mTORC1 and protein synthesis. Interestingly, PLD1 overexpression was also associated with a decrease in the expression of FoxO3 and the E3 ligase genes, atrogin-1 and MuRF1 \[[@bib-073]\]. Moreover, the expression of these genes was increased by pharmacological inhibition and knockdown of PLD1, whereas the addition of exogenous PA attenuated the activation of these genes by dexamethasone \[[@bib-073]\]. The PLD1/PA-induced inhibition of these atrophy genes appears to be due to the activation of Akt, possibly via the activation of the rapamycin-insensitive mTOR complex 2 (mTORC2) \[[@bib-076]-[@bib-078]\]. For example, PLD1 overexpression was associated with increased Akt phosphorylation, whereas the knockdown of PLD1 had the opposite effect \[[@bib-073]\]. Combined, these data suggest that PLD1-derived PA regulates skeletal muscle mass via the activation of mTORC1 signaling and protein synthesis and possibly by an mTORC2/Akt-mediated inhibition of ubiquitin proteasome-mediated protein degradation ([Figure 1](#fig-001){ref-type="fig"}). Given that most of these data were obtained from cultured myotubes, more research is now required to confirm these findings *in vivo*. Nevertheless, the results of this study highlight that the activation of PLD1/PA signaling may be a potential therapeutic strategy for inducing muscle hypertrophy or preventing muscle wasting or both.

The role of diacylglycerol kinase in the mechanical activation of mechanistic target of rapamycin complex 1 signaling {#s03_2}
---------------------------------------------------------------------------------------------------------------------

Not only is PLD/PA signaling implicated in the regulation of basal skeletal muscle mass, but previous studies have also suggested that this signaling pathway plays a role in the activation of mTORC1 and protein synthesis by mechanical stimuli \[[@bib-068],[@bib-079]\]. For example, *ex vivo* passive stretch, which activates mTORC1 signaling, has been shown to increase PLD activity and the synthesis of PA \[[@bib-068]\]. Furthermore, the stretch-induced increases in PA and mTORC1 signaling were prevented when muscles were incubated with the PLD inhibitor 1-butanol \[[@bib-068]\]. In a separate study, *in vivo* eccentric contractions were also shown to increase PA and mTORC1 signaling and 1-butanol prevented the activation of mTORC1 signaling \[[@bib-079]\]. Combined, the data obtained with 1-butanol suggested that PLD-derived PA plays a significant role in the mechanical activation of mTORC1 signaling.

Although 1-butanol has been used as a PLD inhibitor for many years, more recent studies have questioned its specificity by showing that several of the biological effects of 1-butanol cannot be attributed to its effects on the synthesis of PA by PLD \[[@bib-080]-[@bib-082]\]. Thus, we re-examined whether the mechanically induced increase in PA requires PLD by using a small-molecule inhibitor of PLD called 5-fluoro-2-indolyl des-chlorohalopemide (FIPI) \[[@bib-080]\]. To our surprise, we found that FIPI did not inhibit the passive stretch-induced increases in PA or mTORC1 signaling, suggesting that changes in PLD activity were not necessary for these events \[[@bib-074]\]. Instead, it was shown that passive stretch induces an increase in DAG, suggesting that there could be corresponding increases in DGK activity. Indeed, a passive stretch was sufficient to increase membrane DGK activity, but further experiments showed that the α, β, γ, and θ isoforms of DGK were not necessary for the mechanically induced increase in PA and mTORC1 signaling \[[@bib-074]\]. These findings prompted us to explore the potential role of DGKζ, and using DGKζ knockout mice, it was found that the passive stretch-induced increase in PA was almost completely abolished and that the activation of mTORC1 signaling was markedly impaired \[[@bib-074]\]. These data suggested that DGKζ is predominantly responsible for the increase in PA and contributes to the mechanical activation of mTORC1 signaling ([Figure 1](#fig-001){ref-type="fig"}). Additional experiments also showed that the *in vivo* overexpression of DGKζ was sufficient to induce muscle fiber hypertrophy in a kinase-dependent manner (i.e. via the synthesis of PA) and that this hypertrophic response was largely inhibited by rapamycin \[[@bib-074]\]. Combined, the results of this study highlight a novel role for DGKζ (but not PLD as previously thought) in the mechanical activation of PA-mTORC1 signaling and provide new insights into the potential mechanism(s) through which mechanical stimuli regulate muscle mass. Further research is now required to confirm the role of DGKζ in other models of mechanical stimulation (e.g. eccentric contractions and synergist ablation-induced mechanical overload) and to determine whether DGKζ-derived PA is sufficient to increase protein synthesis or decrease protein degradation or both.

Conclusions {#s04}
===========

Significant progress continues to be made in our understanding of the diverse range of molecular mechanisms that can regulate skeletal muscle mass under various physiological and pathophysiological conditions. In this review, we have specifically focused on recent studies that have significantly advanced our understanding of the roles that Smad signaling and the synthesis of PA play in the regulation of muscle mass. It is expected that these advancements will facilitate the development of therapies for conditions that are associated with muscle atrophy/wasting, metabolic disease, and reduced mobility and ultimately help to improve quality of life.
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